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In a motor drive control, four MOSFFETSs are connected 1n an
H-bridge configuration, and four diodes are connected in
parallel with the MOSFETs, respectively. A pair of MOS-
FETs at the high side are forced to turn on to form a current
circulation path including a direct current motor during a
deenergization of the motor when a motor current 1s low.
Thus, the energy 1n a motor coil 1s extinguished through the
switching devices. The MOSFETs are forced to turn off to
open the current circulation path during the deenergization
of the motor when the motor current 1s high. Thus, the
diodes are forward-biased to conduct and extinguish the
energy 1n the motor coil through the diodes. According to
this selective use of the switching devices or the diodes 1s

cififective to reduce a power loss over an entire range of
motor currents.
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INDUCTIVE LOAD DRIVE CONTROL FOR
SELECTIVELY EXTINGUISHING ENERGY
THROUGH SWITCHING DEVICES OR
DIODES

CROSS REFERENCE TO RELATED
APPLICATTION

This application relates to and incorporates herein by
reference Japanese Patent Application No. 11-163996 filed
on Jun. 10, 1999,

BACKGROUND OF THE INVENTION

The present mvention relates to an electrical inductive
load drive control which 1s applicable to, for instance, an
clectronic throttle control apparatus for vehicles for driving
a throttle valve disposed 1n an engine intake pipe by a direct
current motor in accordance with an accelerator pedal posi-
tion and the like.

An H-bridge drive circuit 1s conventionally used as a load
drive apparatus for driving an electrical load such as a direct
current motor having inductive coils. In this load drive
device, four switching devices are diagonally connected to
cross each other. The energization or deenergization of the
load are switched by turning on or off the switching devices
at certain duty ratios.

It 1s necessary to extinguish energy which 1s generated in
the coil of the direct current motor, when the switching
device 1s turned off to change the direct current motor from
the energized condition to the deenergized condition.

In JP-A-9-18313, 1t 1s proposed to turn on two switching
devices at high side or low side to form a closed loop
including the load, thereby extinguishing the energy gener-
ated 1n the coil of the direct current motor through the closed
loop. It 1s also proposed to connect diodes in parallel with
the drive terminals of the switching device to extinguish the
energy generated in the coil. For instance, the body diode
integrally built in a MOSFET 1s forward-biased when the
direct current motor 1s deenergized, thereby extinguishing

the generated energy between a power source and the ground
through the body diode.

MOSEFETs are generally used as switching devices. In the
MOSFET, as shown in FIG. 12A, power loss Pm between its
drain and 1ts source increases remarkably as electric current
between 1ts drain and its source. The power loss Pm of the
MOSFET at the time of energy extinction increases in
proportion to the square of the current I and the on-resistance

R of the MOSFET, that is, Pm=RxI~.

In diodes, a forward voltage VI increases gradually as a
forward current I increases, so that power loss Pd 1n the

forward direction increases as shown 1n FIG. 12B, that 1s,
Pd=VixI.

Accordingly, the power loss Pm increases remarkably as
the current I increases at the time of deenergization of the
direct current motor 1n the case of extinguishing the energy
through the closed loop, while the power loss Pm 1s rather
small as long as the current I 1s relatively low. The change
rate of power loss Pd 1s relatively low at the time of
deenergization of the direct current motor 1n the case of the
diode when the current I 1s low, while the power loss Pd 1s
relatively low 1n comparison with the case of the closed loop
when the current I 1s high.

If the low power loss should be reduced over a wide range
of current I, the MOSFET must be sized large 1n chip size
for a low on-resistance over the wide current range in the
case of the closed loop. The MOSFET must be sized large
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to have a large allowable power loss 1n the case of the diode.
In either case, the switching devices become expensive.

SUMMARY OF THE INVENTION

It 1s therefore an object of the present invention to provide
an mductive load drive control capable of reducing power
loss at the time of energy extinction and reducing cost of
switching devices.

According to the present invention, an electrical inductive
load such as a direct current motor 1s energized and deen-
ergized by switching devices such as MOSFETs. Diodes are
connected 1n parallel with the switching devices, respec-
tively. A current supplied to the inductive load immediately
before deenergizing the imductive load 1s detected. The
inductive load 1s energized and deenergized by turning on
and off the switching devices. The switching devices are
forcedly turned on or off to extinguish energy generated in
the 1inductive load at the time of changing from an energi-
zation to a deenergization of the inductive load. The switch-
ing devices are forced to turn on to extinguish the energy by
circulating the energy therethrough when the current is
small, while the switching devices are forced to turn off to
extinguish the energy through the diodes when the current is
large. Thus, power loss 1s minimized over an entire range of
the current.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, features and advantages of the present
invention will become more apparent from the following
detailed description made with reference to the accompany-
ing drawings. In the drawings:

FIG. 1 1s a block diagram showing an entire electronic
throttle system according to a first embodiment of the
present 1nvention;

FIG. 2 1s an electric circuit diagram showing a drive
circuit used 1n the first embodiment;

FIG. 3 1s a detailed electric circuit diagram showing the
drive circuit shown 1n FIG. 2;

FIG. 4 1s a timing diagram showing a part of the operation
of the first embodiment;

FIG. 5 1s a ttiming diagram showing an operation of the
first embodiment;

FIGS. 6A to 6C are circuit diagrams showing energy
extinction operations of the drive circuit of the first embodi-
ment,

FIG. 7 1s a graph showing a power loss 1n the first
embodiment;

FIG. 8 1s an electric circuit diagram showing the drive
circuit used 1 a second embodiment of the present inven-
tion;

FIG. 9 1s a timing diagram showing a part of an operation
of the second embodiment:

FIG. 10 1s a flow diagram showing processing of a
microcomputer used 1in a third embodiment of the present
mvention;

FIG. 11 1s a timing diagram showing a calculation timing,
of the microcomputer 1n the third embodiment; and

FIGS. 12A and 12B are graphs showing power losses 1n
a conventional direct current motor drive control.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Embodiments of the present invention will be described
below with reference to the drawings in which the same
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reference numerals are used to designate the same or stmilar
parts. The present imnvention 1s applied to an electronic
throttle control apparatus for automotive vehicles 1 the
following embodiments.

(First Embodiment)

The entire system construction 1s described first with
reference to FIG. 1. A throttle valve 2 1s provided 1n an
engine intake pipe 1 and supported rotatably in an opening
and closing directions. The throttle valve 2 1s biased 1n the
valve closing direction by a return spring (not shown). The
throttle valve 2 1s coupled to an output shaft of a direct
current motor 3 so that the throttle valve 2 1s driven by the
direct current motor 3 against the biasing force of the return
spring. The motor 3 includes inductive coils therein.

More specifically, the throttle valve 2 1s forced by the
return spring to return to a substanfially closed position
which enables an engine 1dling operation. The direct current
motor 3 applies a torque to drive the throttle valve 2 in the
valve opening direction against the biasing force of the
return spring. The current supplied to the direct current
motor 3 1s increased to produce a required torque at the time
of starting to rotate the direct current motor 3 from the
stationary position or braking the direct current motor 3
during the rotating operation.

The opening angle of the throttle valve 2 1s detected by a
throttle angle sensor 4. The pedal position of an accelerator
pedal § controlled by a vehicle driver 1s detected by an
accelerator position sensor 6.

The system has an electronic control unit 7 which controls
the opening angle of the throttle valve 2 as well as an
ignition timing and a fuel injection quantity. The electronic
control unit 7 has a microcomputer (MC) 8, a direct current
motor drive circuit 9 and a current detection circuit 10. The
microcomputer 8 receives an angle detection signal of the
throttle valve 2 from the throttle angle sensor 4 and a pedal
position detection signal of the accelerator pedal 5 from the
accelerator position sensor 6. The microcomputer 8 receives
a temperature detection signal of an engine coolant 1n
addition to the above sensor signals.

The microcomputer 8 produces drive command signals
Al1-A4 to the direct current motor drive circuit 9 1n response
to the received sensor signals. The microcomputer 8 calcu-
lates a final target opening angle of the throttle valve 2 from
the accelerator pedal position and correcting by the coolant
temperature. The microcomputer 8 further calculates rota-
tion directions of the direct current motor 3, and calculates
duty ratios of current supply (energization) to the direct
current motor 3 based on a difference between the calculated
target opening angle and the detected actual throttle opening
angle. The drive command signals A1-A4 are produced as
a result of this determination and calculation.

The direct current motor drive circuit 9 1s configured in
the H-bridge type to drive the direct current motor 3, and
connected to a power source (vehicle-mounted battery) 11.
The direct current motor drive circuit 9 receives the four
drive command signal A1-A4 from the microcomputer 8
and supplies current to the direct current motor 3 to drive the
throttle valve 2 to the target throttle angle set in accordance
with the detected accelerator pedal position. The current
detection circuit 10 detects the current supplied to the direct
current motor 3.

As shown 1n FIG. 2 1n detail, the direct current motor
drive circuit 9 i1s constructed with four switching devices,
MOSFETS 13, 14, 15 and 16, which are connected 1n the
H-bridge type. The positive terminal and the negative ter-
minal of the direct current motor 3 are connected to an
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intermediate junction between the MOSFETs 13 and 16 at
the right side and an intermediate junction between the
MOSFETs 14 and 15, respectively. The high side of the
direct current motor drive circuit 9 1s connected to the
positive terminal side of the power source (battery) 11. The
low side of the direct current motor drive circuit 9 1is
connected to the current detection circuit 10.

When the MOSFETs 13 and 15 provided i a diagonal

relation with each other are turned on, the current flows 1n
a direction (direct current motor forward rotation direction)
B. When the MOSFETs 14 and 16 provided 1n a diagonal
relation with each other are turned on, the current flows 1n
a direction (direct current motor reverse rotation direction)
C. When the MOSFETSs 13 and 14 at the high side are turned
on, the energy generated 1n the coil of the direct current
motor 3 1s circulated through a closed circulation path
formed by the MOSFETs 13, 14 and the direct current motor
3 at the time of cutting off the current supply.

Body diodes (built-in diodes) D1-D4 are connected
between the drain terminals and the source terminals of the
MOSFETs 13-16, respectively. Each diode D1-D4 i1s a
junction-type diode provided in each MOSFET. The diode 1s
biased 1n the forward direction to allow current to flow

therethrough, when the drain—source terminal path of the
MOSFET is biased 1n reverse.

The current detection circuit 10 mncludes a current detec-
tion resistor 17 connected between the low side of the direct
current motor drive circuit 9 and the ground, and a differ-
ential amplifier 18 which differentially amplifies voltages
developed at both ends of the current detection resistor 17.
A direct current motor energization current 1s detected by the
current detection resistor 17, and a current detection signal
1s applied to the microcomputer 8 and a drive logic circuit
(DLC) 19 of the direct current motor drive circuit 9.

The drive logic circuit 19 receives the drive command
signals A1-A4 from the microcomputer 8, and drives the
direct current motor 3 by turning on or off the MOSFETSs
13—-16 1 response to the signals A1-A4.

The drive logic circuit 19 1s constructed as shown 1n FIG.
3. In connection with this description, reference 1s made to
a timing diagram of FIG. 4. FIG. 4 shows a condition 1n
which the drive command signal Al 1s normally held at the
high (H) level, the drive command signal A4 is normally
held at the (L) level, and other drive signals A2 and A3 are
duty-controlled to alternately turn on and off oppositely to
cach other. When the drive command signal A3 1s at the
H-level, the MOSFET 15 turns on to increase the motor
current. When the drive command signal A3 1s at the L-level,
the MOSFET 15 turns off to extinguish the energy generated
in the coil of the direct current motor 3 through the circu-

lation path R1. The current detection signal 1s shown at the
bottom 1n FIG. 4.

As shown 1n FIG. 3, the output of the current detection
circuit 10 (voltage corresponding to the detected current
sullied to the direct current motor 3 when energized) is
applied to the positive terminal (+) of a comparator 20 to be
compared with a reference voltage Vref applied to the
negative terminal (-). The reference voltage Vref is set by
dividing a voltage Vc by resistors 28 and 29. The output of
the comparator 20 changes to the H-level each time the
detected current of the direct current motor 3 exceeds the
reference value. This H-level signal 1s applied to the data
input terminal D of a register 21 which comprises a D-type
flip-flop. The drive command signals A3 and A4 are applied
to an OR gate 27. The output of the OR gate 27 1s applied
to the mverted clock terminal/CK of the register 21.
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The register 21 stores the signal level at the data input
terminal D 1n synchronism with the falling edge of the drive
command signal A3 or A4 at which the current supply to the
direct current motor 1s shut off, and produces its output
signal corresponding to the stored signal level from its
output terminal Q. Thus, the register 21 produces the H-level
signal, when the detected current 1s higher than the reference
value 1ndicated by the reference voltage Vref at the time of
cutting off the motor current supply, that 1s, when the output
of the comparator 20 1s at the H-level at the time of direct
current motor deenergization.

The output signal of the register 21 1s applied to the set
terminal S of a latch 22 which 1s comprised of an SR-type
flip-flop (set priority-type). The output of a timer 23 is
applied to the reset terminal R of the latch 22. The latch 22
1s set by the H-level output of the register 21, and produces
the H-level signal from 1ts output terminal Q. This H-level
signal 1s applied to the mnput terminal T of the timer 23.

The timer 23 starts counting a predetermined time interval
{23 when the H-level 1s applied to the mput terminal T, and
produces the H-level signal from its output terminal Q upon
the completion of counting the predetermined time interval
23. The output signal of the timer 23 1s applied to the reset
terminal R of the latch 22. The latch 22 1s reset to produce
the L-level signal from its output terminal Q when the
H-level 1s applied to the reset terminal R. The timer 23 is
reset to produce the L-level at its output terminal when the
output of the latch 22 changes to the L-level.

The output signal of the latch 22 1s also applied to the reset
terminal R of the register 21. Thus, as long as the latch 22
produces the H-level signal, the register 21 1s maintained
reset and produces the L-level output signal.

For mstance, at time T1 1 FIG. 4, the detected current at
the time of cutting off the current supply 1s lower than the
reference value (Vref). The comparator 20 produces the
[-level signal, and the output of the register 21 1s maintained
at the L-level. The latch 22 is not set.

At time T2 in FIG. 4, on the other hand, the detected
current at the time of cutting off the current supply 1s higher
than the reference value (Vref). The comparator 20 produces
the H-level signal, and the output of the register 21 1is
changed from the L-level to the H-level. The latch 22 1s set
in response to the H-level signal of the register 21 and
produces the H-level output signal. At this moment, the
H-level output signal of the latch 22 1s applied to the reset
terminal R of the register 21. The output of the register 21
immediately changes to the L-level. Then, at time T3 when
the predetermined time 1nterval 23 counted by the timer 23
clapses, the output of the latch 22 changes to the L-level.

Referring to FIG. 3 again, the output signal of the latch 22
is also applied to a NOT gate (inverter) 24 to be inverted and
applied to AND gates 25 and 26 which are applied with the
drive command signals Al and A2, respectively. The outputs
of the AND gates 25 and 26 are applied to the gates of the
MOSFETs 13 and 14 at the high side through a protective
control circuit (PCC) 12 and pre-drivers 35 and 36, respec-
fively. Thus, the MOSFETs 13 and 14 turn on when the drive
command signals Al and A2 are at the H-level and the
output of the NOT gate 24 is at the H-level (the output signal
of the latch 22 is at the L-level), respectively.

The drive command signals A3 and A4 are applied to the
MOSFETs 15 and 16 at the low side through the protective
control circuit 12 and pre-drivers 37 and 38, respectively.

Thus, the MOSFETs 15 and 16 turn on when the drive
command signals A3 and A4 are at the H-level, respectively.

In FIG. 4, the AND gates 25 and 26 produces the L-level
signals during the period T2-T3 because the latch 22 pro-
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duces the H-level output signal. As a result, the MOSFETs
13 and 14 at the high side are forced to turn off during the
period T2-T3, even when the drive command signals Al and

A2 are at the H-level.

Although not shown in detail, the protective control
circuit 12 shown 1n FIG. 3 includes a logic circuit which
restricts an excessive feedthrough current from flowing due
to simultaneous turning on of the MOSFETs 13-16 con-
nected to the terminals of the direct current motor 3. It also
includes an excessive current protective control logic circuit

and the like which forcedly turns off the MOSFETs 13-16
when an excessive current flows.

The operation of the electronic throttle control system
according to the first embodiment 1s described next with
reference to FIGS. 4 and 5. FIG. 5 show from the top to the
bottom, signal levels of the drive command signals A1-A4,
on/off conditions of the MOSFETs 13—16, the motor current,

the detected current, and the throttle angle.

In FIG. 5, it 1s shown that the current supply to the direct
current motor 3 1s maintained at the fixed duty ratio to
maintain the throttle valve 2 at its stationary condition to
which 1t 1s driven. Further, at the time of starting the direct
current motor 3 to rotate from 1its stationary condition or
braking the same 1in its rotating condition, the motor current
1s 1ncreased to ensure a required torque.

In FIG. 5, during the period t0 1n which the throttle angle
1s maintained unchanged, the microcomputer 8 maintains
the drive command signal Al at the H-level and alternately
changes the drive command signal A3 to the H-level and
[-level at the fixed frequency, so that the angle of the throttle
valve 2 1s maintained unchanged against the return spring.
Thus, the MOSFET 13 1s maintained turned on, and the
MOSFET 15 1s turned on and off at the fixed duty ratio. The
direct current motor 3 1s supplied with the current in the
direction (forward direct current motor rotation direction) B
to maintain the throttle valve 2 at the stationary condition.
The motor current during this period t0 1s maintained
relatively low.

During this period t0), a feedback control 1s effected to
maintain the actual angular position of the throttle valve 2 at
the target angular position, as long as changes in the target
throttle angle required in correspondence with the detected
accelerator position are within a predetermined range or
rates of the changes per unit time are within another prede-
termined range.

When the target throttle angle 1s changed in the throttle
opening direction 1n response to a further pedal stroke of the
accelerator pedal 5, a start-driving current supply to the
direct current motor 3 1s effected during a period t1 and then
a braking current supply to the direct current motor 3 1s
cffected during the following period 2.

Specifically, the microcomputer 8 produces the drive
command signal A3 at 100% duty ratio to turn on the
MOSFET 15 at the time of initiating the start-driving so that
the direct current motor 3 1s supplied with the motor current
at 100% duty ratio at that time. When the motor current
reaches a predetermined current limit value which does not
lessen the start-driving performance, the duty ratio of the
drive command signal A3 is regulated so that the MOSFET
15 1s turned alternately on and off, thereby restricting the
motor current from exceeding the current limit value.

Thus, during the start-driving period tl, the direct current
motor 3 1s driven at the 100% duty ratio and start-driving 1s
cifected to control the actual throttle angle to attain the target
throttle angle. Then, the motor current 1s regulated at around
the current limit value. The direct current motor 3 1s enabled
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to rotate with a start torque sufficient to overcome the
biasing force of the return spring in the throttle closing
direction by the start-driving operation 1n the period t1. The
throttle valve 2 thus can be driven with quick response.

When the microcomputer detects that the throttle valve 2
1s actually driven closely to the target throttle angle, the
braking current supply is initiated after the period t1 to brake
the throttle valve 2 1n motion so that the throttle valve 2 stops
at the target throttle angle. In this period 2, differently from
in the periods t0 and t1, the microcomputer 8 maintains the
drive command signal A2 at the H-level and the drive
command signal A3 at the L-level.

At the mitiation of the braking current supply, the duty
ratio of the drive command signal A4 is set to 100% duty
ratio to turn on the MOSFET 16. The MOSFETs 14 and 16
turn on at the same time, and the direct current motor 3 1s
driven with 100% duty ratio 1n the reverse rotation direction
(direction C in FIG. 3). The drive command signal Al is in
an opposite phase relation to the drive command signal A4.

When the motor current reaches another current limait
value 1n the opposite direction, the microcomputer 8 regu-
lates the duty ratio of the drive command signal A4 so that
the MOSFET 16 alternately turns on and off and the motor
current does not exceed the current limit value. In this
braking current supply period {2, the throttle valve 2 1s thus
stopped quickly at the target throttle angle.

After the throttle valve 2 stops at the target throttle angle,
the direct current motor 3 1s controlled 1n the same manner
as 1n the period to before the start-driving operation.

Referring to FIG. 4 again, the characteristic operation of
the present embodiment 1s described. In FIG. 4, the left side
shows a case in which the motor current (detected current at
the time of deenergization) is in a range of low currents, that
1s, an operation 1n the period t0 1 FIG. 5, and the right side
shows a case in which the motor current (detected current at
the time of deenergization) is in a range of high currents, that
1s, an operation 1n the period tl i FIG. §.

When the motor current 1s 1n the low current range, the
drive command signals Al and A3 are at the H-level to turn
on MOSFETs 13 and 154 during a drive current supply
period t11 so that the direct current motor 3 1s energized in
the direction B 1n FIG. 3. Thus, the motor current increases
in the drive current supply period t11.

During an extinction period t12 i which the drive current
supply 1s shut off, each time the drive command signal A3
1s changed to the L-level, the drive command signal A2 is
changed to the H-level for that L-level period. Each time the
MOSFET 15 turns off, the MOSFET 14 turns on to circulate
the energy generated 1n the coil of the direct current motor
3 through the circulation path R1 shown m FIG. 3. That 1s,
at time T1 when the current supply 1s interrupted, the
detected current of the current detection circuit 10 1s lower
than the reference current value (Vref) and the output of the
comparator 20 1s at the L-level.

The outputs of the register 21 and the latch 22 remain at
the L-level. As a result, the signal applied from the latch 22
to the AND gates 25 and 26 through the NOT gate 24 is
H-level, and the MOSTFETs 13 and 14 both turn on 1n
response to the drive command signals Al and A2. The
energy 1s extinguished by the circulation operation during

the extinction period t12, and the motor current attenuates.
This circulation path 6A 1s shown 1n FIG. 6A.

When the motor current 1s in the high current range, on the
other hand, the detected current of the current detection
circuit 10 is higher than the reference current value (Vref),
the output of the comparator 21 1s changed to the H-level. At
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the time from the drive current supply period t21 to the
extinction period t22, that 1s, at the time T2 when the current

supply 1s shut off, the output of the comparator 20 1s at the
H-level.

The outputs of the register 21 and the latch 22 are changed
from the L-level to the H-level. As a result, the outputs of the
AND gate 25 and 26 are mverted to the L-level during the
latch 22 produces the H-level (time T2 to T3). The MOSFET

13 and 14 are both forced to turn off irrespective of the drive
command signals Al and A2.

During the period from T2 to T3 in which the MOSFETSs
13 and 14 are forced to turn off, the diodes D2 and D4
connected in parallel between the drain terminal and the

source terminal of each MOSFET 14 and 16 are biased in the
forward direction. That 1s, differently from the extinction
period t12 1n the case of the low current range, the circula-
tion path R1 1s opened to restrict extinction of energy
through the circulation path R1. Instead, the remaining
energy 1n the direct current motor 1s extinguished through
the diodes D2 and D4. This energy extinguishing path P1
through the diodes D2 and D4 are shown 1n FIG. 6B.

When the output of the latch 22 returns to the L-level at
time T3 after the predetermined interval 123 measured by the
timer 23, the MOSFET 13 and 14 are turned on as com-
manded by the drive command signals Al and A2. The latch
22 1s cleared before the restart of the current supply (before
the MOSFET 15 turns on). As a result, it does not occur that
the controllability of the throttle valve 2 1s lessened due to
delay in starting the current supply.

Although not shown, the energy extinction through the
circulation path R1 1s also restricted and the energy extinc-
tion through the diodes 1s effected, when the direct current
motor 3 is energized in the reverse direction (direction C in
FIG. 3) during the braking current supply period t2 in FIG.
5. That 1s, when the drive current supply 1s shut off and the
remaining energy 1s to be extinguished, the detected current
of the current detection circuit 10 exceeds the current
reference value (Vref). The comparator 20 produces the
H-level output signal, and the register 21 and the latch 22
produce the H-level output signals. The MOSFETS 13 and
14 are forced to turn off wrrespective of the drive command
signals Al and A2. The diodes D1 and D3 connected in

parallel between the drain terminal and the source terminal
of each MOSFET 13 and 15 are biased in the forward
direction to extinguish the remaining energy in the direct
current motor 3. This extinguishing path 1s shown in FIG.

6C.

The reference voltage Vref used to check whether the
motor current 1s 1n the high current range or in the low
current range 1s determined based on the following reason.
FIG. 7 shows a power loss characteristics of a MOSFET and
a diode at the time of energy extinction operation. The power
loss of the MOSFET 1s lower 1n the range 1n which the motor
current 1s relatively low, and the power loss of the diode 1s
lower 1n the range in which the motor current 1s relatively
high. Therefore, the reference voltage Vref 1s set based on a

current value Ix with which the power losses of the MOS-
FET and the diode equal.

It 1s, however, likely to occur that the motor current
attenuates at the time of energy extinction by the diode 1n the
high current range. If the motor current decreases to be
lower than the level below which the biasing force of the
return spring prevails, the angular position control for the
throttle valve 2 1s not stabilized. This disadvantage 1is
obviated 1n this embodiment by setting the reference voltage
Vref to a current value Iy which 1s a little higher than the
current value Ix of FIG. 7.
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According to the present embodiment, the following
advantage 1s provided.

(a) The energy extinction operation is selectively effected
by the circulation path or the diode based on the motor
current. The energy generated 1n the coil or remaining
in the direct current motor can be extinguished 1n less
power loss over an entire range of currents. Thus, the

power loss 1s reduced more than 1n the conventional
device. the cost can be cut with the mnexpensive MOS-
FET (switching device).

(b) The reference voltage Vref is set in relation to the
current value Ix by comparing the power losses by the
MOSFET and the diode. As a result, the optimum
energy extinction can be attained in any current range.
Further, the reference voltage Vret 1s set to correspond
to the current value Iy which 1s higher than the current
value Ix. Therefore, the motor current 1s restricted from
decreasing excessively at the time of the energy extinc-
tion by the diode, thereby maintaining a desired motor
operation required for the throttle control.

(c) when the motor current is in the high current range, the
energy extinction by the diode 1s effected based on the
predetermined time 1nterval t23 measured by the timer
23 in which the motor current decreases to the fixed
level. The motor current can be attenuated as desired
for the optimum energy extinction operation.

(Second Embodiment)

In a second embodiment shown 1n FIG. 8, the motor drive
circuit 9 1s constructed 1n a half-bridge type mn which two
MOSFETs 14 and 15 are used to control the direct current
motor 3 only in one direction (forward rotation direction). In
this 1nstance, the throttle valve 2 1s driven 1n the throttle
opening direction by the direct current motor and 1s driven
in the throttle closing direction by the return spring.

In this embodiment, as shown in FIG. 8, the MOSFETs 13
and 16 as well as the pre-drivers 35 and 38 are eliminated
from the first embodiment (FIGS. 2 and 3). As there remains
only the drive command signals A2 and A3, the drive
command signal A2 1s applied to the AND gate 26, and the
AND gate 25 and the OR gate 27 are eliminated.

When the MOSFET 14 turns off and MOSFET 15 turns
on, the motor current flows in the direction (motor forward
rotation direction) B. When the MOSFET 14 turns on and
the MOSFET 15 turns off, the energy generated and remain-
ing in the coil of the direct current motor 3 1s circulated
thorough the closed circulation path R1 comprising the
MOSFET 14 and the direct current motor 3.

The operation of the second embodiment 1s shown 1n FIG.
9. The lett side and the right side of FIG. 9 show respectively
the cases in which the motor current (detected current at the
time of no current supply) is low and high, respectively. That
1s, left side shows an operation 1n the current holding period
t0 1n FIG. 5, and the right side shows an operation in the
start-driving current supply period t1 in FIG. 5.

When the motor current 1s in the low current range, only
the MOSFET 135 1s turned on during a drive current supply
period t31 to allow the motor current to flow 1n the direction
B 1n FIG. 8. Only the MOSFET 14 1s turned on to effect the
current supply through the circulation path R1 in FIG. §
during an energy extinction period t32 1 which the drive
current supply 1s shut off. Thus, the motor current increases
during the drive current supply period t31, and the remaining
energy 1n the coil 1s extinguished through the circulation
path R1 during the energy extinction period t32.

That 1s, as the detected current of the current detection
circuit 10 1s lower than the current value (Vref) and the
output of the comparator 20 1s at the L-level at the moment
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at which the current supply 1s shut off, the outputs of the
register 21 and the latch 22 both remains at the L-level. The
output signal of the latch 22 1s inverted to the H-level by the
NOT gate 24 and applied to the AND gate 26. The MOSFET
14 turns on 1n response to the drive command signal A2.
Thus, the remaining energy 1s extinguished by the circula-
fion operation to attenuate the motor current during the
energy extinction period t32.

When the motor current reaches a predetermined high
current range, the detected current of the current detection
circuit 10 exceeds the current value (Vref) in a drive current
supply period t41, and the output of the comparator 20
changed to the H-level. At the moment of shutting off the
current supply, that 1s, at the moment of change from the
drive current supply period t41 to the energy extinction
period t42, the output of the comparator 20 1s at the H-level
and the outputs of the register 21 and the latch 22 change
from the L-level to the H-level. The output of the AND gate
26 1s 1inverted to the L-level during the period 1in which the
output of the latch 22 1s at the H-level. As a result, the
MOSFET 14 1s forced to turn off irrespective of the drive
command signal A2.

When the MOSFET 14 1s forced to turn off, the diode D2
1s forward-biased. That 1s, differently from the extinction
period t32 1n the case of the low current range, the circula-
tion path R1 1s opened 1n this extinction period t42 to restrict
the energy extinction through the circulation. Instead, the
energy extinction 1s effected through the diode d2.

When the predetermined time interval t23 elapses, the
output of the latch 22 returns to the L-level to turn on the
MOSFET 14 as commanded by the drive command signal
A2. As the latch 22 1s cleared before the current supply 1s
re-started, that 1s, before the MOSFET 15 turns on.
Therefore, 1t 1s less likely that the controllability of the
throttle valve 2 1s lessened due to delay in starting the
current supply.

As long as the motor current remains 1n the high current
range, that 1s, as long as the detected current at the time of
shutting off the current supply, continues to be higher than
the current value (Vref), the MOSFET 14 is forced to turn off
temporarily to restrict the energy extinction through the
circulation path R1. Instead, the remaining energy in the
motor 1s extinguished through the diode D2.

In this embodiment, the energy extinction is effected by
the single diode as opposed to the first embodiment 1n which
the energy extinction 1s effected by two diodes. Therefore,
the attenuation of the motor current during the perlod t42 1n
FIG. 9 1s slower than that in the period 122 i FIG. 4.
However, 1t 1s possible to attenuate the motor current by the
similar amount by changing the predetermined interval t23
set 1n the timer 23.

According to the second embodiment, the remaining
energy can be extinguished 1n less power loss over the entire
range ol normal current, because the energy extinction
operation 1s selectively effected through the circulation path
or the diode 1n the similar manner as 1n the first embodiment.

(Third Embodiment)

In a third embodiment, the microcomputer 8 1s pro-
crammed to control the energy extinction operation by
executing processing shown in FIG. 10. In this embodiment,
therefore, the comparator 20, register 21, latch 22, timer 23
and the like 1n used 1n the first and second embodiments are
not necessitated.

The microcomputer 8 repeatedly executes the processing,
of FIG. 10 every predetermined time period td which is
sufficiently short not to influence throttle valve operation
due to response delay. That 1s, as shown 1 FIG. 11, the
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period td 1s so determined that each duty signal having a
variable duty ratio (=Td2/Td1) can be produced within the
per1od td and will not cause unstable operation of the throttle
valve

Referring to FIG. 10, the microcomputer 8 sets at step S1
the drive command signals A1-A4 from the detected accel-
erator position, actual throttle angle and the like.
Specifically, the basis target opening angle of the throttle
valve 2 1s calculated based on the detected accelerator
position, and the final target opening angle 1s calculated by
correcting the target angle based on detected engine coolant
temperature. The direction of rotation and the duty ratio of
the current supply of the direct current motor 3 are deter-
mined based on the difference between the final target
opening angle and the detected actual opening angle, thus
producing the drive command signals A1-A4.

The microcomputer 8 checks at step S2 whether 1t 1s the
fime to effect the energy extinction operation, that is,
whether the drive command signal A3 changes to the L level
to shut off the current supply to the direct current motor 3.
The microcomputer 8 then checks at step S3 whether the
start-driving current supply or braking current supply 1is
presently being effected.

When the energy extinction operation 1s not required
because of the current supply at 100% duty ratio, or the
start-driving current or the braking current supply 1s not
being effected, that 1s, the check result at either step S2 or S3
1s NO, the microcomputer 8 produces the drive command
signal A1-A4 as calculated at step S1 to the motor drive
circuit 9, thus ending this energy extinction control process-
ing. As a result, the energy extinction 1s effected through the
circulation path R1 during the holding current supply period
{0 mn FIG. 5§ 1n the low motor current range.

When the energy extinction 1s required and the start-
driving current supply or the braking current supply 1s being
cilected, that 1s, the check results at steps S2 and S3 are YES,
the microcomputer 8 fixes at step S4 the drive command
signals Al and A2 to the L-level. Then, the microcomputer
8 produces the drive command signals A1-A4 to the motor
drive circuit 9, thus ending this energy extinction control
processing. As a result, when the energy extinction operation
1s elfected by the diodes during the start-driving current
supply period or the braking current supply period (t1 and t2
in FIG. 4) in the high motor current range.

According to the third embodiment, the energy extinction
operation 1s selectively effected based on the check result
indicating the start-driving current supply period or the
braking current supply period. As a result, the power loss at
the time of energy extinction operation can be reduced over
the entire range of normal currents.

The present invention should not be limited to the above
embodiments, but may be implemented 1n other embodi-
ments 1n the following manner.

The latch 22 and the timer 23 for restricting the current
circulation during the time interval t23 may be so con-
structed that the latch 22 produces a L-level signal at the
fiming of starting the current supply after the output signal
of the latch 22 1s changed to the H-level, that 1s, at the timing
when the drive command signal A3 changes from the
L-level to the H-level in FIGS. 4 and 9. More speciiically,
during the energy extinction period t22 1n FIG. 4 or t42 1n
FIG. 9, the restriction of the current circulation operation 1s
continued (extinction through diode) while maintaining the
output of the latch 22 at the H-level.

The reference voltage Vref may be set to correspond to the
current value Ix (FIG. 11) at which the power losses of the

MOSFET and the diode equal, if the biasing force of the
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return spring 1n the throttle closing direction need not be
taken 1n account.

Step S4 m FIG. 10 may be modified to fix the drive
command signals Al and A2 at the L-level for a predeter-
mined fixed time period. In this instance, the fixed time
period 1s preferably determined so that the motor current
decreases a predetermined level before the start of the next
current supply.

The H-bridge type drive circuit may be so constructed that
the MOSFETs at the high side are alternately turned on and
off while maintaining the MOSFETs at the low side turned
on or off.

The MOSFETs 1n the motor drive circuit may be replaced
with other switching devices, and the diode of the switching
device need not be a built-in body diode type but may be
connected externally.

The direct current motor may be replaced with an elec-
tromagnetic solenoid actuator including a coil. In this
instance, the drive circuit may be constructed in the halif-
bridge type (FIG. 8) because the solenoid actuator is ener-
o1zed only 1n one of throttle opening and closing directions.

What 1s claimed 1s:

1. A load drive control apparatus for an electrical load
comprising:

switching means provided to energize and deenergize the
electrical load;

diode means connected in parallel with the switching
means;

current detection means for detecting a current flowing 1n
the electrical load during an energization of the elec-
trical load; and

control means for turning on the switching means to form
a closed current circulation path including the electrical
load 1n a period of a deenergization of the electrical
load when the detected current 1s 1n a predetermined
low current range, and for turning oif the switching
means to open the closed current circulation path and
bias the diode means 1n a forward direction 1n a period
of the deenergization of the electrical load when the
detected current 1s 1n a predetermined high current
range.
2. A load drive control apparatus as in claim 1, wherein
the control means includes:

check means for checking whether the detected current
flowing 1n the electrical load at or before a moment of
the deenergization of the electrical load 1s higher than
a predetermined current value; and

signal producing means for producing a signal to the
switching device to forcedly turn off the switching
means 1n the current circulation path in the period of the
deenergization of the electrical load when a check
result indicates that the detected current 1s higher than
the predetermined current value.

3. A load drive control apparatus as in claim 2, wherein:

the predetermined current value 1s set 1n relation with a
current value at which power losses of the switching
means and the diode means equal at the time of an
energy extinction operation.

4. A load drive control apparatus as in claim 1, wherein:

the control means is for effecting a holding current supply
in the low current range when an amount of driving the
clectrical load 1s small, and for effecting a start-driving
current supply in the high current range when the
amount of driving the electrical load 1s large; and

control means 1s for turning on the switching means to
form the closed current circulation path in the period of
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the deenergization of the electrical load when the
holding current supply 1s effected, and for turning off
the switching means to open the closed current circu-
lation path and bias the diode means 1n a forward
direction 1n a period of the deenergization of the
clectrical load when the start-driving current supply 1s
cifected.

5. A load drive control apparatus as 1n claim 1, wherein:

the control means 1s for turning off the switching means
to bias the diode means 1n the forward direction for a
predetermined time period in which the detected cur-
rent decreases to a predetermined level after a change
from the energization to the deenergization and before
a next energization of the electrical load.

6. A load drive control apparatus as 1n claim 1, wherein:

the switching means includes four switching devices
connected 1n an H-bridge type relative to the electrical

load;

the diode means includes four diodes connected 1n par-
allel with the switching devices, respectively; and

a diagonally opposing pair of the switching devices are
simultaneously turned on to energize the electrical load
in accordance with a direction of a current supply to the
clectrical load.

7. A load drive control apparatus as 1in claim 1, wherein:

the switching means 1ncludes a pair of switching devices
connected 1n series with the current detection means;
and

one of the switching means 1s connected 1n parallel with
the electrical load.

8. A load drive control apparatus as in claim 7, wherein:

the electrical load 1s a solenoid valve mncluding an induc-
tive coil.

9. A load drive control apparatus as 1n claim 1, wherein:

the electrical load 1s normally biased 1n a predetermined
direction; and

the predetermined current value 1s set to be higher than a
current value at which power losses of the switching
means and the diode equal at the time of an energy
extinction operation.

10. A load drive control apparatus as 1n claim 1, wherein:

the electrical load 1s an direct current motor and con-
nected to drive a throttle valve of an internal combus-
fion engine.

11. A load drive control apparatus for energizing and

deenergizing an mductive load comprising;:
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switching devices connected to the inductive load;

diodes connected 1n parallel with the switching devices,
respectively;

current detection circuit for detecting a current supplied to
the 1inductive load immediately before deenergizing the
imnductive load;

controller for turning on and off the switching devices to
energize and deenergize the inductive load, the con-
troller being for selectively turning on or off the switch-
ing devices to extinguish energy generated 1n the 1nduc-

tive load at the time of changing from an energization

to a deenergization of the inductive load through either

the diodes or the switching devices based on a magni-

tude of the detected current.

12. Aload drive control apparatus as in claim 11, wherein:

the magnitude of the detected current 1s smaller 1n the case
of extinguishing the energy through the switching
devices than 1n the case of extinguishing the enecrgy
through the diodes.

13. Aload drive control apparatus as in claim 11, wherein:

extinguishing the energy through the switching devices
and the diodes are effected when the magnitude of the
detected current 1s smaller and higher than a predeter-
mined level which 1s set higher than a reference level

at which power losses of the switching devices and the
diodes equal, respectively.
14. A load drive control apparatus for an electrical load

comprising:

switch provided to energize and deenergize the electrical
load;

at least one diode connected in parallel with the switch;

current detector for detecting a current flowing i the
clectrical load during an energization of the electrical
load; and

controller for turning on the switch to form a closed
current circulation path including the electrical load 1n
a period of a deenergization of the electrical load when
the detected current 1s 1n a predetermined low current
range, and for turning of the switch to open the closed
current circulation path and bias the at least one diode
in a forward direction 1n a period of the deenergization
of the electrical load when the detected current 1s 1n a
predetermined high current range.
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